In 2009, a frozen mummy of the steppe bison (SB) (Bison priscus) was discovered between the lower Kolyma River and the Alazeya River in northeast Siberia, Russia. The specimen was dated with 14 C and estimated to have lived more than 48,000 14 C years before present (BP). The relationship between SB and the European Bison (EB) (Bison bonasus), also known as wisent or European wood bison, is unresolved and it is unclear whether the SB and EB overlapped in space and time. The aim of our study was to compare genetic variability between the SB specimen and modern EB. We expected higher SB variability due to substantial bottlenecks in the EB approximately one century ago when it became extinct in the wild. The EB (n = 167) and the SB specimen were genotyped with the Illumina BovineHD BeadChip with 777,962 single-nucleotide polymorphism (SNP) markers. Steppe bison DNA was extracted and genotyped six times to account for genotyping errors due to low-quality DNA. We obtained a final set of 7786 SNPs. The mean number of private alleles in EB was 0.027 (± 0.0002) and in SB, it was 0.288 (± 0.0006). This could be explained by factors including differences between species, spatiotemporal divergence, and bottleneck effects. Investigation of historic EB samples could help resolve phylogenetic relationships, the role of the recent bottleneck, and provide information for conservation management to reduce the incidence of disease in the population and maintain its evolutionary potential.
and subsequently spread to steppe-like landscapes across most of Northern Europe (Gromova 1935; Flerov 1979; Guthrie 1980; McDonald 1981; Kahlke 1999) . The species likely underwent several morphological transformations concerning body and horn size and shape (Gromova 1935; Flerov 1979; McDonald 1981) as well as changes in distribution and population density (Kahlke 1999; Shapiro et al. 2004; Markova et al. 2015, Nikolskiy and Pitulko 2016) . The SB existed in Eurasia until about 10,000 calibrated years before present (calBP) (Shapiro et al. 2004; Kirillova et al. 2013; Markova et al. 2015; Boeskorov et al. 2016; Soubrier et al. 2016 ) and colonised North America via Beringia (i.e., eastern Siberia, Yukon and Alaska regions) sometime between 195,000 and 135,000 BP (see review in Froese et al. 2017) .
Only two bison species have survived today: the American bison (Bison bison) and the European bison (Bison bonasus, EB). The history of EB is unresolved and it is not clear whether it overlapped in space and time with the SB (Soubrier et al. 2016; Massilani et al. 2016; Palacio et al. 2017) . There are at least two alternative hypotheses about the origin of EB; some reports suggest the species originated directly or through a transitional form from the SB in Late Pleistocene (Gromova 1935; Guthrie 1980; McDonald 1981; Kahlke 1999; Croitor 2016) , whereas another study acknowledges the possibility that SB and EB may have existed in parallel during part of the Pleistocene (Kurtên 1968; Flerov 1979; Soubrier et al. 2016; Palacio et al. 2017) . It has also been suggested that the EB originate from American repatriant bison (McDonald 1981) .
It is suggested that EB may have experienced multiple bottleneck events (Węcek et al. 2017) . The last one, the most severe, happened during the past century when the species went extinct in the wild (Shapiro et al. 2004; Lorenzen et al. 2011; Markova et al. 2015) . The EB has a complex ancestry; its nuclear genome is closely related to that of B. bison, with which it can produce fertile hybrid offspring, but its mitochondrial genome is more similar to the genomes of species belonging to the Bos genus than to the genome of B. bison (Verkaar et al. 2004; Douglas et al. 2011; Soubrier et al. 2016) .
In 2009, a frozen mummy of a young male SB was discovered between the lower Kolyma River and the Alazeya River in northeast Siberia, Russia (Fig 1a,b) . In 2012, the mummy was transferred to The Ice Age Museum in Moscow. Since the discovery, the mummy has been stored under frozen conditions (Nikolskiy and Shidlovsky 2014) . The direct dating of collagen from the mummy tissues, bone and skin, performed in two laboratories independently, yields the following 14 C ages: > 41,100 BP (AA99113) and > 48,000 BP (OS-91706). According to these dates, the radiocarbon age of the mummy exceeds 48,000 years. An earlier genetic investigation included 13 SB samples, with radiocarbon-dates from 28,340 to > 59,400 BP found in three areas of Europe, in the Urals, the Caucasus and Western Europe (Soubrier et al. 2016; Fig. 2 and Supplemental Data) . Three of these samples, two from the Urals and one from the Caucasus, were estimated to have lived > 48,000 BP. This may suggest temporal overlap with the SB in our study, although the latter specimen was found more than 5000 km farther east.
The aim of our study was to investigate the genetic variability of the frozen SB specimen, as limited genetic information is available for this species. We compared it with genotypes from the contemporary EB, the only extant European bison species. The EB went through a severe bottleneck in the beginning of the twentieth century, and only seven individuals founded the Lowland line (or Białowieża line) of the EB (B. bonasus bonasus) (Pucek et al. 2004) . Consequently, we expected the SB specimen to exhibit higher genetic variability.
We included 167 adult male EB from the Lowland line in the Białowieża National Forest, provided by the Mammal Research Institute in Białowieża, Polish Academy of Sciences. Tissue samples were collected during annual culling approved by the General and Regional Directorate for Environmental Protection (Warsaw, Bialystok, Poland) (Oleński et al. unpublished data) . DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, GmbH, Hilden, Germany) including a protease digestion step (Das et al. 1988), and genotyping was performed at UWM-SHiUZ Genomic Lab (Olsztyn, Poland). One DNA extraction was performed for each EB sample. However, for the SB specimen, six independent DNA extractions were made by cutting small pieces of bison skin (1 mm X 1 mm), and each extract was genotyped to allow comparison of results and identification of loci with consistent allele calls. DNA quantity and quality were verified using a fluorometer (Qubit®, Thermo Fisher Scientific Inc.) and by using gel electrophoresis with a 1% (w/v) agarose gel. The gel electrophoresis suggested that the DNA of the SB sample was slightly degraded. Genotyping was performed at GenoSkan A/S (Aarhus, Denmark), which is ISO 17025 accredited and Illumina certified. Any step where human error was possible was double-checked or performed by two technicians.
Considering the status of the SB specimen, DNA quality in two individual samples was tested with a qPCR assay for 18 s rRNA, with an amplicon length of 61 bases (ABI assay nr Hs03928990; ABI, Foster City, CA, USA). Here, qPCR reactions were prepared with 30 ng SB DNA or 0.3-30 ng control genomic DNA (PE biosystems), 1× assay mix and 1× Taqman Universal PCR mastermix (ABI) in a total of 15 μl. Reactions were performed on an ABI Prism 7900HTReal-Time PCR System (ABI). All reactions were performed in triplicate and, as expected due to degradation, the C t values for the SB DNA were higher than the control DNA of a comparable concentration (Supplemental Note S1, Fig. S1 ). For both samples, the C t values for the SB DNA were 4.6-5 times higher than the control with 0.1 ng/μl. This corresponds roughly to an effective DNA concentration of around 0.003 ng/μl. Samples were genotyped with the Illumina BovineHD BeadChip (Illumina, San Diego, CA) with 777,962 single nucleotide polymorphism (SNP) markers, according to the manufactures' protocol. For the set of SNPs present on the m i c r o a r r a y, p r e l i m i n a r y q u a l i t y a n a l y s i s u s i n g GenomeStudio v2011.1 (Illumina) software with a standard GenCall score cut-off (no-call threshold) of 0.15 was performed on all samples, where clustering of SB genotypes was compared with that of EB.
We screened the complete dataset (167 EB + 6 repetitions of the single SB) with 737,314 SNPs in PLINK v1.9 (Chang et al. 2015 ) for genotyping quality (geno 0.02) and minor allele frequency (maf 0.01) to remove monomorphic SNPs. Call rate ranged from 0.48 to 0.68 for the SB genotype profiles, while EB call rates were ≥ 96%. Further, we excluded SNPs on the sex chromosomes, SNPs with equivocal positions (listed as being on chromosome zero or 33) and ambiguous SNPs reported as having the same position (based on chromosomal distances in morgan and/or base pair positions). Based on these results, we screened the SB data to identify only SNPs with consistent genotypes across all six profiles, excluding SNPs with missing data and/or ≥ one inconsistent genotype (samples with five heterozygotes and one homozygote were accepted as heterozygote, while homozygotes had to be consistent across all six runs). The six SB profiles were merged again with the contemporary EB data and we retained 7786 variable SNPs. Finally, we selected the profile with the highest genotyping call rate for the complete SNP profile (0.68) to represent the SB. The reduction in SB genotypes resulted in 14 monomorphic SNPs in the final set of 7786 SNPs. Final call rate in the reduced dataset was ≥ 0.98 for both SB and EB samples, i.e. for each individual bison profile we had results for ≥ 98% of the 7786 SNPs. The number of monomorphic loci, allelic diversity (N a ), private alleles (PA), and the expected heterozygosity (H E ) were estimated according to Hartl and Clark (1997) for EB and SB with the same set of 7786 SNPs in GENALEX 6.503 (Peakall and Smouse 2012) and are summarised in Table 1 .
Despite having only a single SB specimen, this individual showed considerably higher diversity than EB, at all the estimated parameters. This result should not be influenced by DNA quality as the mummy has been preserved in frozen and stable conditions without any sign of decay (Nikolskiy and Shidlovsky 2014) . Although the DNA quality of the mummy was not optimal, the test of 18 s rRNA demonstrated that fragments of DNA could be amplified. We do not expect ascertainment bias to have an effect on our findings for comparison of EB and SB, as we are analysing two bison species with a SNP chip designed for commercial cattle (Bos taurus). Although EB mtDNA seems to be more closely related to the mtDNA of Bos (Verkaar et al. 2004 ), we nevertheless observed lower variability in this species. Therefore, ascertainment bias is unlikely to have produced the lower estimates for EB.
The remaining EB population was exterminated from the Białowieża forest during the First World War. Restoration of the species from the remaining captive populations started in 1929 and in 1952, seven individuals were used to re-establish a wild EB population in Białowieża (Tokarska et al. 2011) . Based on expected bottleneck effects and the small number of founders, the low genetic variability observed in our EB sample is not surprising and appears consistent with previous results (Tokarska et al. 2009 ).
Additionally, earlier comparisons across bison species with a panel of 50 K SNPs found 929 polymorphic loci and H E = 0.135 in EB (Pertoldi et al. 2010) . In contrast, they reported (Table 1) . We therefore believe the difference between EB and SB primarily reflects the lack of diversity in EB owing to their recent history. Unfortunately, no samples of pre-bottleneck EB were available for analysis. We were therefore unable to quantify how much of the difference in diversity between EB and SB may be explained by the recent bottleneck versus other possible factors. Although bison phylogeny is still a matter of debate, the samples in our study belong to what is currently recognised as two separate species. We have a single SB specimen and thus cannot evaluate how representative this genetic profile may have been for its regional population. Importantly, the broad temporal scale and large spatial distance between the sampling areas would be expected to produce genetic differentiation even within highly mobile species. To further investigate the phylogenetic relationship between EB and SB, we recommend comparing ancient EB specimens with that of the SB. Additionally, comparison between contemporary and pre-bottleneck EB samples would provide insight on the impact of the recent founder effect on genetic variability in the EB. This could provide important information for ongoing conservation management to reduce incidence of disease and maintain evolutionary potential.
